In the adult pancreas, physical b-cell mass is determined by the balance of b-cell birth, differentiation, size, and death. The prenatal origins and development of b-cells (1, 2) , the molecular mechanisms of adult b-cell proliferation (3, 4) , and programmed b-cell death (5) have all been reviewed recently and will not be revisited here. The maintenance and adaptation of b-cell mass after birth involves the addition of new b-cells (6) . Cells with robust staining for insulin have been shown to slowly proliferate in vivo and in vitro (7) (8) (9) . It has been reported that b-cells have an extremely long life span under typical conditions and proliferation plays a diminishing role with advancing age (7, 10, 11) . The apparent low rate of b-cell replication has led some groups to suggest that adult b-cells arise from a pool of non-b-cell progenitors (12) . Because this topic has been hotly debated and reviewed recently (13), we will only briefly discuss studies relevant to other aspects of this review.
Several approaches have been undertaken to identify a population of resident pancreatic stem cells. Although some progenitor cell markers can be histochemically identified in the adult pancreas, especially after severe injury (14) , evidence that these progenitor/precursor cells differentiated from a stem cell population has been difficult to obtain. In vivo analyses indicated that no population of cells resides in the adult pancreas that proliferates at the high rates characteristic of stem cells in gut or skin (15) , but do not formally exclude dedicated progenitor cells with a slower mitotic rate. Lineage tracing experiments in mice using a rat Ins2 promoter CreER transgenic line have provided evidence that new b-cells are primarily derived from cells with at least some Ins2 promoter activity (6) (Fig. 1 ). The interpretation of these studies depends formally on one's definitions of a "b-cell" and a "progenitor cell". Is a b-cell a cell with any amount of insulin promoter activity or insulin gene expression? It is well known that Ins2 promoter activity or gene expression is not fully restricted to b-cells, unlike the Ins1 promoter that is activated later in development and marks a majority of mature b-cells (16, 17) . Cre-Lox lineage-tracing systems are exceptionally sensitive and binary in nature (4 Cre recombinase proteins can theoretically activate the system [18] ). Might islet stem/progenitor/precursor cells express low levels of insulin? In vivo and ex vivo studies, showing that adult rodent and human pancreata contain rare insulinexpressing multipotent cells that can form islet and neural cells in culture, hint at this possibility (19) . Thus, insulin expression-dependent lineage labeling of b-cells cannot differentiate between self-replication of existing mature b-cells and proliferation and differentiation from insulin expressing stem cells. Another caveat is that inducible Cre systems have the potential of incomplete Cre activation as a result of dosing effects of tamoxifen. Work from Butler and colleagues, who used immunohistochemical staining for insulin (above a threshold) in rat pancreas followed by mathematical modeling, implied a contribution to b-cell expansion from sources other than mature b-cells (12) . It remains possible that a specialized population of progenitor/precursor cells with low insulin expression (i.e., below a staining threshold) and relatively low proliferative capacity plays a dynamic role in the renewal of adult b-cell mass. It is also important to note that because it is not possible to perform the same types of experiments on rodents and humans, interspecies conclusions should be made with caution.
Pancreatic duct cells represent a frequently studied candidate for islet cell progenitors. This hypothesis was attractive because insulin-positive cells are often found in proximity to ducts (4) and such a model has morphological similarities to the developmental model of islet genesis (20) . Multiple experiments using tamoxifen-inducible Cremediated lineage tracing have been conducted to test this hypothesis in adult tissues, using Cre driven by the carbonic anhydrase-II promoter, the Hnf1b promoter or the Muc1 promoter (21) (22) (23) . In the first study, no increase in labeling (0.9 6 0.5%) above background (1.3 6 1.2%) was observed in 10-week-old CAII-CreER mice treated with tamoxifen starting at 4 weeks (21), indicating that neogenesis from duct cells does not play a measurable role in the young adult pancreas. On the other hand, the same CreER experiment showed that 23.6% of the b-cells in the ligated portion of the pancreas were b-galactosidase positive and had therefore arisen from progenitors with CAII promoter activity (21) . The latter two investigations, using Hnf1b-CreER T2 and Muc1-CreER T2 mice, both concluded that duct cells do not convert into islet cells in the uninjured pancreas after birth (22, 23) . Thus, although the origin of new b-cells under physiological conditions in adult animals appears not to involve neogenesis, there may be important roles for embryonic-like repair pathways under stressed conditions. Investigators using injury models, ranging from moderate to severe, have presented data to suggest that non-b-cells can adopt a progenitor role. We will not review those studies here in detail (reviewed in [4] ), except to comment on evidence suggesting that the progenitor population activated during injury expresses the gene for Ngn3 (Neurog3) (24) . The interpretation of this study is complicated by the demonstration that small amounts of Ngn3 protein are present in adult b-cells (25) (26) (27) (28) , meaning that the data cannot exclude the possibility that the suspected neogenesis may have arisen in whole or in part via Neurog3-expressing islet cells. We have shown that stresses such as growth factor withdrawal, ER stress, or Notch inhibition reactivate Ngn3 in b-cell lines (28) and islets (25) . The evidence that a fraction of b-cells are produced from cells expressing the glucagon promoter under extreme injury conditions further suggests that b-cell progenitors can have an islet origin (29, 30) .
DYNAMICS OF ADULT b-CELL MATURATION AT THE SINGLE-CELL LEVEL
Adult b-cells are heterogeneous, with differences in glucoseresponsiveness, insulin promoter activity, and insulin protein levels (31, 32) . Heterogeneity may be linked to differential susceptibility to death under conditions of type 1 diabetes (33) or stress induced by misfolded insulin proteins (34) . The observation of heterogeneity can be interpreted as independent subpopulations of b-cells that stably express different amounts of insulin. In this scenario, it could be possible that one of these populations represents a group of specialized b-cell progenitors or cells with enhanced plasticity. An alternate interpretation is that some or all of the observed b-cell heterogeneity represents an instantaneous cross-section through a population of cells captured at different stages in their life cycle, with each stage exhibiting a distinct gene expression pattern (Fig. 1) . Both concepts are consistent with the observation that extremely rare (or extremely fleeting) adult insulin-positive (Glut2 low ) cells can be derived from cultures of islets leading to clusters of multipotent, self-renewing cells (19) . The latter hypothesis was untested until the recent development of single-cell techniques for analyzing b-cell maturation kinetics, by simultaneously tracking Ins1 and Pdx1 promoter activities (17, 35) . At any given time point, ;20-30% of b-cells with Pdx1 promoter activity did not show Ins1 promoter activity. It should be noted that nearly normal levels of Ins2 mRNA, which also comes on earlier in development and accounts for two-thirds of islet insulin production (16) + cells expressed the expected repertoire of b-cell genes needed for functional maturity (17, 35) . These results suggest that adult b-cells can pass through distinct maturation states that are similar (perhaps identical) to those transitions observed at the population level during embryonic development. Additional dual-reporters (e.g., MafA/MafB) should be generated to further this concept and expand the number of visualized transitions. It is plausible that these maturation events happen en masse in the neonatal period when the functional and genomic status of mature b-cells is finalized (36) . We propose that the term b-cell maturation be extended to both embryonic and adult case subjects in the absence of evidence that they are mechanistically distinct. Efforts to harness these immature cells might enable the repopulation of nonfunctional or destroyed b-cells of the diabetic pancreas.
MAINTENANCE OF IDENTITY/MATURITY IN b-CELLS AND OTHER LONG-LIVED CELL TYPES: ACTIVE OR PASSIVE CONTROL?
In addition to b-cell birth and death, functional b-cell mass is potentially influenced by the differentiation status of individual b-cells, including their ability to produce mature insulin and respond to an increase in blood glucose with appropriate insulin secretion. Once progenitors or immature cells differentiate into mature insulin-secreting b-cells, how is their gene expression profile maintained? This is a general problem in biology, encountered by all postmitotic cell types, most notably long-lived cells like pancreatic b-cells (10) . Decades of work have uncovered many transcription factors and the mechanisms by which they steer developing pancreatic progenitors toward the generation of multiple, highly differentiated pancreatic cell subtypes (20) . Lineage progression toward ever increasing cellular diversity is often viewed as a ratchet mechanism of irreversible steps resulting in the specification and then terminal differentiation of cell subtype identities. From this viewpoint, terminally differentiated cells have long been considered as irreversibly locked into their identity (Fig. 2) . However, the discovery that cells can be reprogrammed to an induced pluripotential stem cell state (37) challenges this assumption. In a landmark article, Blau and Baltimore (38) postulated that the identity of a cell, or differentiated status, requires persistent active regulation, rather than lapsing into a passive locked-in state. Although little genetic evidence was available at the time, sufficient evidence has since accumulated to propose that the terminally differentiated state indeed requires active maintenance (Fig. 2 ). This carries with it profound implications. It suggests that degradation of active maintenance mechanisms may contribute to progressive degeneration of cell identity and function. It also suggests that gene regulation in mature cells may be sufficiently plastic for therapeutic intervention.
Differentiation is the process by which specified cell types start to express their type-specific battery of terminal differentiation genes: those genes that execute the form and function of that cell type. The combinatorial action of multiple sequence-specific transcription factors at the cis-regulatory sequences of their target genes lays the foundation for differentiation. These factors then recruit the mediator complex and/or chromatin-modifying enzymes to either increase or suppress the transcriptional activity of bound genomic regions (39) . But once cell identity is attained, how expression of terminal differentiation genes is faithfully maintained throughout the lifetime of the cell is unresolved. For long-lived cell types such as b-cells, neurons, and certain plasma cells, organismal homeostasis requires that cell type-specific maintenance occur over many decades. Increasingly, a persistent role for developmental transcription factors in the maintenance of subtype-specific gene expression profiles has been downplayed in favor of distinct, dedicated maintenance mechanisms. These maintenance mechanisms include the following: CpG DNA methylation that suppresses transcription; polycomb and trithorax group complexes that persistently suppress inappropriate gene expression or maintain active gene expression, respectively (40, 41) ; and histone modifications that influence the efficiency of gene transcription (42) .
However, these mechanisms are best understood for inheritance of cell-type gene expression patterns in dividing cells, and less well understood for persistent maintenance of cell-type gene expression patterns in long-lived nondividing cells (43) . DNA methylation functions in the inheritance of b-cell-specific identity and gene expression after cell division. Bhushan and colleagues showed, using Ins2-Cre mediated ablation of b-cell DNA methyltransferase 1 (Dnmt1), that dividing b-cells no longer generated only new b-cells but also a-cells (44) . The underlying mechanism involved derepression of the pro-a-cell transcription factor Arx (45), as a result of the loss of CpG methylation of surrounding cis-regulatory sequences. As a necessary and sufficient regulator of a-cell differentiation within the pancreatic lineage, expression of Arx increased a-cell gene expression such as glucagon and MafB at the expense of b-cell genes including Pdx1, Pax4, and insulin (44, 45) . Intriguingly, however, Dnmt1 ablation only derepressed Arx after b-cell division, and not in nondividing long-lived b-cells, since Dnmt1 principally acts to maintain DNA methylation during cell division (44) . Regardless, these studies point to the importance of epigenetic factors in maintaining adult b-cell identity and show how perturbations in appropriate chromatin state can result in increased cellular plasticity.
An accumulating set of studies using conditional genetic techniques in a range of cell types has directly implicated persistent roles for sequence-specific developmental transcription factors in the long-term maintenance of cell identity (46) (47) (48) (49) (50) (51) (52) . The ETS domain transcription factor Pet1 is required for differentiation of serotonergic neurons of the raphe nucleus acting as a critical activator of serotonergic genes (53) . Pet1 ablation selectively in adult mice resulted in a profound downregulation of these same serotonergic genes, demonstrating a role for Pet1 in long-term maintenance of serotonergic identity. Pet genes have recently been implicated in b-cell adaptation during pregnancy (54) . Similarly, conditional knockout of Nurr1 in adult midbrain dopaminergic neurons resulted in progressive loss of dopaminergic neuronal markers (49) . Similar results have been borne out by analysis of critical developmental transcription factors in neonatal or adult sympathetic neurons (48) , lymphatic endothelial cells (55) , as well as B-cells and other long-lived plasma cells (50, 51) . More recently, Eade et al. (56) have shown for two distinct Drosophila neuronal subtypes that the entire subtype-specific network of transcription factors is subsequently required to maintain the fully differentiated state of those neurons throughout life. Thus, substantial evidence suggests that developmental transcription factor networks are required to maintain the identity of mature neurons, a cell type with increasingly apparent parallels with islet cells (57) .
Model systems have also begun to shed light on the mechanisms that maintain long-lived cell identity. For example in Caenorhabditis elegans, Che1, Ast1, or the combination of Ttx3 and Ceh10 act as sequence-specific transcription factors required for the full differentiation of their specific neuronal subtype (52,58,59), playing both differentiation and maintenance roles. These studies also found that these transcription factors autoregulate their own expression (52,58), creating an elegantly simple selfperpetuation loop that maintains subtype-specific transcription factor expression and subsequently terminal differentiation gene expression. Although such simple autoregulation is not observed for all systems (56), it is noteworthy that Pdx1 and several other key pancreatic transcription factors also use autoregulatory feedback loops that help to reinforce the b-cell phenotype (60) . Insulin itself may participate in an autocrine feedback loop to maintain b-cell insulin expression and secretion (61) . Thus, evidence demonstrates that mature cells maintain their type-specific gene expression programs at least in part by maintaining expression of developmental transcription factor networks. We propose that a similar maintenance mechanism is active in pancreatic b-cells.
ACTIVE MAINTENANCE OF b-CELL FUNCTION: EVIDENCE FROM CONDITIONAL MUTANTS AND HUMAN GENETICS
Extensive analyses of endocrine pancreas development have elucidated many of the gene networks required for the formation of b-cells from progenitors. However, how b-cell identity is maintained and how b-cells adapt to environmental stresses in adulthood are less clear. Conditional gene ablation in mice now permits testing of the hypothesis that regulatory networks controlling b-cell differentiation continue to play important roles in maintaining b-cell identity and, hence, function in the adult. Support for this hypothesis comes from studies on maturity-onset diabetes of the young (MODY), a group of autosomal-dominant disorders that typically manifest in adolescents, predominantly resulting from heterozygous mutations in islet developmental transcription factors (HNF4a, HNF1a, HNF1b, IPF1/ PDX1, NEUROD1, and perhaps others) (62) .
The homeobox gene Pdx1, one of the most intensively studied pancreatic islet transcription factors, acts both during pancreatic lineage determination and during terminal differentiation of b-cells. Humans and mice lacking the Pdx1 gene are born without a pancreas, and Pdx1 acts at the insulin promoter to induce its expression and maintenance in b-cells (63) . Pdx1 heterozygosity leads to a rare monogenic form of type 2 diabetes, termed MODY4 (62) . (65) (66) (67) . Indeed, forced Pdx1 expression can cause a-cell to b-cell reprogramming (68) . Although these studies point to a maintenance role for Pdx1 in mature b-cells, it is currently difficult to interpret the exact nature of the dedifferentiated cells. Additional analysis of characteristic markers of b-cell identity within the pancreas will be required to unravel the phenotype and understand the impact of Pdx1 ablation in b-cells. It is intriguing that soluble factors including insulin and incretin hormones can act on the adult b-cell to dynamically regulate Pdx1 activity (69, 70) , but whether they actively contribute to the maintenance of differentiation is less well understood.
The MODY6 transcription factor Neurod1 (bHLH factor) is also essential for b-cell differentiation. Recently, postdifferentiation ablation of floxed Neurod1 (using Ins2-Cre or Pdx1-CreER) resulted in glucose intolerance, defective insulin secretion, and reduced Ins1 expression (47) . These authors also demonstrated that although the Ins1 gene was downregulated, the Ins2 gene was not, in line with the distinct regulation of the two mouse insulin genes during development (16) . It is interesting that the opposite is true for the transcription factor FoxO1 and its upstream regulator Raf1, which regulate the Ins2 gene and not Ins1 b-CELL MATURITY AND PLASTICITY (61, 71) . Neurod1 and FoxO1 are proposed to function in the differentiation and maintenance of mature b-cells. Although a survey of all developmental transcription factors in mature b-cells is not available, the results of these studies on Pdx1 and Neurod1, combined with the identity of MODY genes HNF1a, HNF1b, and HNF4a, make it reasonable to propose that elaborate networks of developmentally required transcription factors are retained in mature b-cells and that they are essential, in combination, to maintain b-cell gene expression and function. A prediction of this model would be that hypomorphic aberrations in multiple transcription factors would synergistically abrogate normal b-cell function. Indeed, there is some support for this hypothesis. Pdx1 +/2 heterozygotes exhibit reduced glucosestimulated insulin secretion but neither Hnf3b +/2 nor Hnf4a +/2 heterozygotes show any obvious defect (72) . However, both Pdx1 +/2
:Hnf3b
+/2 and Pdx1 +/2 :Hnf4a +/2 compound heterozygotes display b-cell functional deficits that are greater than the sum of either single heterozygote alone (72, 73) . Moreover, this careful study also found subtle differences in the sets of genes that were disrupted in the different heterozygous backgrounds, suggesting that each transcription factor acts in a partially overlapping manner to maintain a subset of the overall battery of b-cell terminal differentiation genes. Whether these phenotypes arise from developmental defects or a requirement for these genes in maintaining adult b-cell differentiation remains to be tested.
CONTROL OF ADULT b-CELL FATE AND FUNCTION BY DEVELOPMENTAL FACTORS: THE NOTCH/NGN3 EXAMPLE
With the concept of active maintenance of cellular identity in mind, a number of laboratories have studied in adult islets the role of essential developmental pathways, including networks involving MODY factors (e.g., Pdx1 [65] [66] [67] [68] ), gene systems required for a-cell versus b-cell fate (e.g., Arx/Pax4 [45] ), and regulatory networks in the maintenance of a precursor cell pool (e.g., Notch/Ngn3 signaling). Although the expression of some genes, such as Ngn3, is much higher during development, published evidence suggests that many of the genes essential for embryonic development of the islet are maintained at low levels in the adult b-cell. For example, Ngn3 is necessary for development of all endocrine cell lineages in the pancreas, and Ngn3-positive cells represent embryonic stage/niche-dependent, individually unipotent progenitor cells (74, 75) . During embryonic development, Ngn3 and the pool of endocrine progenitor cells is controlled by Notch via Hes1 (27, 76) . We demonstrated that small amounts of Ngn3 protein are present in adult human and mouse islets (25) , and although this observation was controversial at the time, it has recently been extended by others (26, 27) . Indeed, conditional knockout of Ngn3 in adult islets using the Pdx1-Cre ER deleter mouse demonstrated a role for Ngn3 in b-cell function and maturation (26) . Decreasing Notch signaling with the inhibitor DAPT increased Ngn3 expression and induced apoptosis in adult human and mouse islets under low glucose conditions (25) , indicating that this gene network is critically important for b-cell survival in the adult. However, DAPT protected islets under high glucose conditions (25) , suggesting the energy-dependent regulation of apoptosis by Notch. It is interesting that presenilin genes, which are required to activate Notch, are regulated by glucose in adult b-cells (77) . It is also notable that, in our hands, robust overexpression of Ngn3 induced b-cell apoptosis (25), consistent with Ngn3 being a negative target of prosurvival Notch signaling. Thus, emerging evidence suggests that the Notch/Ngn3 pathway plays important roles in the adult b-cell and that these roles may be different from the roles of these genes during development. Little is known about the factors that regulate Notch and Ngn3 signaling in the adult islet, although we recently found roles for the Musashi family of translational suppressors, which are known to control Notch signaling, in b-cell survival and differentiation (28) .
SOLUBLE REGULATORS OF ADULT b-CELL DIFFERENTIATION STATUS
A number of groups have carried out studies aimed at determining whether soluble growth factors that are known to regulate pancreatic b-cell development may play a role in maintaining adult b-cell identity. Emerging evidence suggests a prominent role for members of the TGFb superfamily. Using a factorial design high-content screening approach, we have recently found that activin A and follistatin have reciprocal effects on the maturity of adult b-cells (78) . BMP4-BMPR1A signaling is also required for maintaining the adult b-cell phenotype and plays an essential role in glucose-stimulated insulin secretion (79) . Mice expressing dominant-negative BMPR1A in the Pdx1 promoter domain showed .50% downregulation of Pdx1, insulin, Nkx6.1, PC1/3, PC2, Glut2, glucokinase, and calpain-10, as well as multiple genes required for exocytosis; the converse was observed in mice overexpressing BMP4 in b-cells (79) . Such a maintenance role for extrinsic BMP signaling appears to be conserved; in Drosophila, the maintenance of differentiation in adult neurons requires persistent BMP signaling (80) . Nutrients, including glucose, also have powerful positive effects on b-cell maturity (78). It is not yet clear whether the effects of glucose are direct or mediated via autocrine insulin signaling. Although these studies point to the feasibility of modulating adult b-cell differentiation status with soluble factors, glucose and insulin are obviously poor therapeutic candidate targets in vivo.
SIGNALING NETWORKS IN ADULT PANCREATIC CELL PLASTICITY
A key prediction of the hypothesis that differentiation requires active maintenance is that adult b-cells would exhibit substantial plasticity should key transcription factor pathways be perturbed. Indeed, surprisingly few factors are required to make induced pluripotent stem cells from multiple tissues, including the pancreas (81) . Elegant work showed that Pdx1, Ngn3, and MafA transcription factors are sufficient to convert exocrine cells into insulinpositive cells (82) . Forced overexpression of Akt has been shown to transdifferentiate cells with insulin promoter activity into acinar and ductal cells (83) . Nevertheless, the extent to which these cells are transdifferentiated and the extent to which adult islet cells exhibit plasticity remains to be assessed. Evidence of plasticity between islet endocrine cell lineages is also growing. For example, in the adult, it has been shown that some insulinexpressing cells also express glucagon and other hormones (35, 84) . The frequency of these multihormonal cells in the adult may increase with stress (85, 86) or when critical transcription factors such as Pdx1 are dysregulated (64, 67, 87) . Indeed, recent lineage-tracing experiments have demonstrated that a fraction of regenerating b-cell passes through a phase with glucagon promoter activity (29) . These and other findings (88,89) cast doubt on the concept that b-cell and a-cell lineages are completely distinct, as suggested previously (90) . Approaches to track the expression of insulin and glucagon, simultaneously, in living cells could help to resolve the nature of this apparent lineage switch.
CONCLUSIONS
Our understanding of the intrinsic and extrinsic forces that maintain the mature b-cell state or permit lineage plasticity is evolving rapidly. Recent studies point to dynamic regulation of maturity, as well as a surprising level of lineage flexibility in the endocrine pancreas. We suggest that temporally controlled gene targeting and single-cell analysis of cell fate decisions will continue to advance the field. We also expect that parallels between the regulation of adult cell differentiation in islet cells and other tissues will continue to open new avenues for investigation. Future studies will undoubtedly provide a more detailed picture of the plasticity within adult pancreatic endocrine cell types. It is likely that this fundamental b-cell biology research will reveal important insights that can be harnessed as part of efforts to protect, regenerate, or replace b-cells lost in diabetes. No potential conflicts of interest relevant to this article were reported.
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